The syntheses and characterization of two new redox active cyclam ligands ferrocenylmethyl-(6-methyl-1,4,8,11-tetraazacyclotetradec-6-yl)-amine (L
Introduction
Electrochemical molecular recognition is an expanding area of research with the broad aim of developing highly sensitive and selective hosts for charged and neutral guests. 1 The development of this area of chemistry as a large part of sensor technology is fundamentally important. The significant role of anionic species in biology and the environment has led to increased investigation into designing molecules suited to their analytical determination by electrochemical methods.
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Although it is imperative in the design of sensors to incorporate both a reporter and an appropriately selective binding domain, it is equally important that the overall molecular architecture of the sensor facilitates the reporter's ability to respond to and report the guest binding event. 5 That is, there must be an effective mechanism of communication between the binding site and the signaling unit in order to produce a functional receptor molecule. This is evident in the case of an electrochemical receptor as a change in the host redox potential upon guest complexation, and consequently a change in the binding strength of the host as a result of a change in the oxidation state of the reporter.
Due to its ease of synthesis and functionalisation, ferrocene above all other redox active moieties has been utilized as an electrochemical reporter in anion receptors and this topic has been reviewed.
1, 3 A variety of anion binding groups have been incorporated into ferrocene-based receptors, but most comprise amides in tandem with other groups such as calixarenes and metalloporphyrins. Like their amide counterparts, primary and secondary amines can also show a strong affinity for anions (A) through non-covalent N-H ؒ ؒ ؒ A interactions. Although the macrocycle L 1 , like its unsubstituted relative cyclam, has been studied extensively as a ligand for transition metal ions, the potential of cyclam derivatives to function as hosts to anionic guests exclusively through H-bonding interactions has received less attention. In an earlier study we reported the bis-ferroceneappended macrocycle L 2 as a new member of this family. 6 The mono-ferrocene substituted analogue of L 2 was only isolated as a minor product in the synthesis of the disubstituted product due to the high reactivity of the unprotected primary amines of L
1
. Herein we report the new ferrocenyl-substituted macrocycles L 3 and L 4 which bear a single ferrocenyl group, but they differ in that they possess one and two anion binding sites i.e. macro- † Electronic supplementary information (ESI) available: Figs. S1-S8. See http://www.rsc.org/suppdata/dt/b4/b400538d/ cyclic rings. The ability of these receptors to bind one or two anionic guests has been examined. In addition the effect of Zn II coordination to L 3 on its anion binding properties has been examined.
Experimental Syntheses
The parent ligand, 6-methyl-1,4,8,11-tetraazacyclotetradecane-6-amine (L 5 ) was synthesized according to a previously reported method. 7 1,1Ј-ferrocenedicarbaldehyde was prepared according to a literature procedure. 8 All other chemicals were commercially available and were used without further purification.
Ferrocenylmethyl-(6-methyl-1,4,8,11-tetraazacyclotetradec-6-yl)-amine, L 3 Ferrocenecarbaldehyde (4 mmol, 0.86 g) was added to molten L 5 (4 mmol, 0.90 g) at 130 ЊC over a 2 min period with vigorous stirring. The reaction mixture was stirred for an additional 5 min under a stream of nitrogen, then allowed to cool to room temperature. The resulting solid was dissolved in dry MeOH (60 cm 3 ), NaBH 4 (0.8 g, 20 mmol) added and the solution was stirred at room temperature, protected from light, for 2 h. The solution was evaporated to dryness, suspended in water (60 cm 3 ), made alkaline with NaOH (to pH ∼ 12) and extracted with dichloromethane (3 × 50 cm 3 ). The combined extracts were dried over Na 2 SO 4 and evaporated to give an orange oil. The oil was purified by silica column chromatography using 70% dichloromethane, 25% methanol and 5% aqueous ammonia as the solvent system. Two bands were observed; the first was identified by 1 H-NMR as ferrocenylmethanol and was discarded. The second band was the desired product, L 3 . Removal of the solvent gave an oil which was dissolved in the minimum volume of hot MeCN, and allowed to slowly evaporate to afford X-ray quality crystals in ∼45% (2), which describes a 1 : 2 host-guest binding where shifting behaviour is exhibited. K red1 and K red2 are the association constants for complexation of the first and second guest molecules to the reduced form of the ligand, and K ox1 and K ox2 are association constants for complexation of the first and second guest molecule to the oxidized form of the ligand and the redox potentials have their usual meaning. 9 In both eqns. (1) and (2), the assumption is made that differences between the diffusion coefficients of the host and the hostguest complexes (in their oxidised and reduced forms) are negligible.
Aqueous electrochemistry was performed using a Metrohm, 757Va Computrace potentiostat with a glassy carbon working electrode, Ag/AgCl (2 mol dm Ϫ3 KCl) reference electrode, and platinum auxiliary electrode. All solutions were made up using Milli Q water and employed 0.1 mol dm Ϫ3 NaCl as supporting electrolyte. All electrochemical solutions were 5 mmol dm Ϫ3 in ligand and the pH was varied from basic to acidic with HCl. Titrations with anions present included one equivalent for L
3
(1) (2) and two equivalents for L 4 of the sodium salt of the anion of interest. Again, all solutions were purged with N 2 before measurement.
Potentiometry was performed using a Metrohm 796 Titroprocessor, using a reaction vessel water-thermostatted to 25 ± 0.1 ЊC. All potentiometry was carried out in N 2 -saturated Milli Q water, using 0.1 mol dm Ϫ3 NaCl as supporting electrolyte and HCl as the titrant. Ligand concentration was 0.5 mmol dm
Ϫ3
for L 3 and 1 mmol dm Ϫ3 for L 4 . The electrode was calibrated by titrating known amounts of HCl with NaOH solution, then using the computer program SUPERQUAD 11 to determine the standard potential, E Њ, and the dissociation constant for water, K w . SUPERQUAD was then used to determine the protonation constants for each system.
Crystallography
Cell constants were determined by a least squares fit to the setting parameters of 25 independent reflections measured on an Enraf-Nonius CAD4 four-circle diffractometer employing graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) and operating in the ω-2θ scan mode within the range 2 < 2θ < 50Њ. Data reduction and empirical absorption corrections (ψ-scans) were performed with the WINGX suite of programs.
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Structures were solved by heavy-atom methods with SHELXS-86 and refined by full-matrix least-squares analysis with SHELXL-97. 13 All non-hydrogen atoms were refined with anisotropic thermal parameters except those involved in disorder (see below). Alkyl and aryl H atoms were included as estimated positions, whereas amine H-atoms were identified firstly from difference maps then restrained in these positions using a riding model. Drawings of molecules were produced with ORTEP3
14 and PLUTON. 15 Disorder in one of the macrocyclic rings of L 4 was resolved (see ESI Fig. S3  †) , and the C-and N-atoms involved were restrained to 50% occupancy and refined with isotropic thermal parameters. One of the contributors is shown in Fig. 1 . 
Crystal data

Results and discussion
Synthesis
The syntheses of both L 3 and L 4 were straightforward and followed previously published procedures. 6 The initial condensation between the primary amine of L 5 and the two ferrocene aldehydes was performed in a melt of the free ligand. This reaction procedure is very effective in driving the condensation to completion (water is eliminated rapidly at the reaction temperature). Imidazolidine (aminal) formation, which has been seen in other reactions between aromatic aldehydes and L
5
,
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was not a problem. Evidently, steric hindrance of the bulky ferrocenyl group repels intramolecular attack by an adjacent secondary amine on the imine intermediate. Imine reduction proceeded smoothly and both L 3 and L 4 were obtained in crystalline form; the former requiring purification by column chromatography.
Crystallography
Structural analysis of L 3 reveals the ferrocenylmethyl group appended to the exocyclic amine of the parent macrocycle (Fig. 2) . H-bonding is a feature of the structure, with intramolecular and intermolecular N-H ؒ ؒ ؒ N contacts observed (ESI Fig. S1  †) . Within the macrocyclic ring, the strongest H-bonds are N2-H2C ؒ ؒ ؒ N5 2.19 Å, 136Њ and N4-H4C ؒ ؒ ؒ N3 2.35 Å, 142Њ. The axially oriented pendent amine also participates in weaker (acute) H-bonds with the macrocyclic amines. The macrocycle crystallizes as a centrosymmetric dimer
The cyclopentadienyl rings are twisted by approximately 7.4Њ from the ideal eclipsed conformation. The Fe-C distances lie within the range 2.03-7 Å, which is comparable with the distances observed in L 2 . 6 The ferrocenyl moiety is oriented such that C18 is positioned over the centre of the macrocyclic ring. The Fe ؒ ؒ ؒ H1-N1 distance (3.05 Å) exceeds the typical distance associated with agostic interactions (1.85-2.50 Å).
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The crystal structure of the zinc complex of L 3 ( Fig. 3) shows two independent isomeric complex cations in the asymmetric unit, together with a single tetrachlorozincate counteranion (not shown). The coordination geometries of both complex cations are square pyramidal, with the macrocyclic amines defining the base and a chloro ligand at the apex. The stereochemistries of the two cations differ in the position of the axial ligand with respect to the pendent substituent; syn (Fig. 3a) or anti (Fig. 3b) . In both cases, the Zn atom is drawn out of the N 4 plane of the macrocycle towards the axial chloro ligand. The displacement of the zinc atom from the plane of the four nitrogen ligands is 0.416(5) Å and 0.458(5) Å in the syn (Fig. 3a) and anti (Fig. 3b) isomers, respectively. These differences appear to be correlated with the strength of the axial Zn-Cl coordinate bonds (Zn1-Cl1 2.320(4) Å and Zn2-Cl2 2.288 (3) 
18,20
The presence of the Zn II ion and companion chloro ligand results in distinctly different conformations of the complex cation in comparison to that seen in the free ligand L 3 (Fig. 2) . The ferrocenyl group is repelled by the Zn II ion, more so in the syn isomer (Fig. 3a) where the adjacent chloro ligand augments this effect. That is, the Fe ؒ ؒ ؒ Zn separation is greater in the syn isomer (7.03 Å compared with 6.55 Å in the anti isomer). Coordination of the secondary amines eliminates many of the H-bonding interactions seen in the structure of the metal-free ligand. Instead, the dominant H-bond acceptors here are the chloro ligands (from both the complex cations and anion) with the secondary amines acting as donors.
The crystal structure of the ditopic receptor L 4 was also determined. Disorder in one of the macrocyclic rings was resolved (ESI Fig. S3  †) and one of the two contributors is shown in Fig. 1 . The Fe-C bond lengths are all in the expected range 2.04-2.08 Å. The relative positions of the macrocycles with respect to the ferrocene moiety are such that one cyclopentadienyl ring is 'twisted' by ca. 76Њ relative to the other about the ideal ferrocene C 5 axis. That is, one cyclopentadienyl ring has effectively undergone a C 5 (72Њ) rotation away from a totally eclipsed conformation into a position whereby repulsion between the two macrocyclic substituents is minimised.
In addition to the expected intra-ring H-bonding contacts seen in the structure of L 3 (see ESI Fig. S1  †) , H-bonds are present between each exocyclic amine lone pair and the N5 atom of the opposite macrocycle (N5A-H5G ؒ ؒ ؒ N1B 2.40 Å, 171Њ and N5B-H5H ؒ ؒ ؒ N1A 2.39 Å, 171Њ). These two inter-macrocyclic contacts 'coil' the macrocycles around the ferrocene moiety. The most significant intermolecular interaction involves a centrosymmetric pair of H-bonds (N3B-H3G ؒ ؒ ؒ N4B (1 Ϫ x, Ϫ y, 1 Ϫ z) 2.22 Å, 175Њ); a motif also seen in the structure of L 3 (see above). Titration data for L 3 in the presence of chloride, acetate and nitrate are shown in Fig. 4 . Addition of up to two equivalents of anion were made to 5 mmol dm Ϫ3 solutions of L
Non-aqueous electrochemistry
3
, inducing maximum shifts in the ferrocene redox potential of Ϫ20.0 mV, Ϫ36.0 mV and Ϫ38 mV for nitrate, acetate and chloride respectively. The stoichiometry of anion complexation was found to be 1 : 1 in all systems studied, thus the data obtained followed eqn. (1) . The stability constants for anion binding (AcO Ϫ , Cl Ϫ and NO 3 Ϫ ) to L 3 in the reduced state are negligible in all cases, while the stability constants for anion complexation to the oxidised form of the ligand are significant. This enhancement is a result of the positive charge induced by oxidation of the metal centre, introducing an electrostatic attraction between host and guest.
2, 10 The stability constants for 1 : 1 complex formation to L 3 in its oxidised form decrease in the order, AcO
) with maximum shifts in the Fc ϩ/0 redox couple decreasing in the same order, which correlates with the basicity of the anions examined.
22
The small binding constants associated with anion complexation of L 3 in non-aqueous solution largely reflects the inherently weak association between ligand and anion as a result of the essentially H-bonding nature of the interaction.
2 Importantly, since the binding constants are determined from purely electrochemical data, they are subject to the efficiency of communication between the ferrocenyl reporter and macrocyclic binding domains.
The magnitude of the redox shifts induced by anionic species for L 3 are comparable to analogous 6 macrocyclic amine systems such as L 2 , thus it appears that communication in non-aqueous solution between binding site and reporter domain in L 3 is similarly efficient, although the strength of binding is low. It is apparent that the macrocyclic domain is suitable for the accommodation of one anionic guest, and that the selectivity of this interaction is achieved on the basis of the relative basicity of the anion rather than its size or shape.
The electrochemistry of L 4 was examined under the same conditions, but this compound exhibited totally irreversible electrochemistry (i pc /i pa ∼ 0). However, addition of two equivalents of H ϩ (as HBF 4 ) restored reversibility to the Fc ϩ/0 couple of L 4 (i pc /i pa ∼ 1), and the receptor displayed cathodically shifted potentials in the presence of increasing concentrations of AcO Ϫ , NO 3 Ϫ and Cl Ϫ . Non-aqueous electrochemical titrations for L 4 were performed with up to three molar equivalents of the anion of interest titrated into solution to produce maximum shifts of Ϫ46 mV, Ϫ102 mV and Ϫ120 mV for nitrate, acetate and chloride respectively. The magnitudes of the anion induced redox potential shifts are significantly larger than those observed for L 3 . In principle, L 4 has the capability to complex anionic species by formation of a 1 : 1 sandwich complex. This mechanism of complexation has been observed in receptors with an analogous molecular architecture where free rotation of the two potential binding domains is possible. 23 However, a poor fit to the electrochemical titration data was obtained when a 1 : 1 hostguest complex model was employed. It is apparent that complexation occurs with a 1 : 2 host-guest stoichiometry. (2)), due to the large number of independent variables involved. That is, the curves shown in the ESI (Fig. S5  †) are calculated using eqn. (2) , but the parameters (binding constants) obtained from this analysis have associated uncertainties well in excess of their absolute values and as such are meaningless.
The observed 1 : 2 host-guest stoichiometry may be due to the steric strain of bringing two macrocycles together in an eclipsed conformation and bridged by a single monoanionic guest. The crystal structure of L 4 showed that the two macrocyclic rings were indeed offset, which may be a consequence of preferred H-bonding and also steric repulsion between the two rings. Protonation of the each macrocyclic ring under the conditions of the experiment would add an electrostatic repulsion term to the abovementioned steric effects. Instead, the receptor appears to prefer to adopt an anti conformation where each macrocycle interacts with a different anion independently of the other.
Electrochemical 
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As seen in all other non-aqueous electrochemistry presented here, the trend in the magnitudes of the maximum shifts is maintained, with nitrate bringing about the smallest redox potential shift, and chloride inducing the largest. These titrations brought about larger perturbations to the ferrocene redox couple than the same experiments performed on the free ligand L 3 . In this system, there are several possible sites for binding; the axial coordination sites of the Zn II ion (to give square pyramidal and distorted octahedral complexes respectively) and also through H-bonding with the amine protons of the complexed ligand. Like L 4 , the electrochemical titration data did not follow a 1 : 1 host-guest binding model, but was more consistent with a 1 : 2 host-guest model (ESI Fig. S6  †) . Again, meaningful binding constants data were unable to be obtained by electrochemical methods due to an insufficient number of experimental points. The crystal structure of L 3 complexed to zinc shows a single axially coordinated chloro ligand, strongly suggesting this as one binding site in solution. As a consequence of its d 10 electronic configuration, Zn II does not have a preference for a particular coordination geometry, so it is conceivable that, in non-aqueous solution, [ZnL 3 ] 2ϩ binds two axial chloro ligands (to neutralize its charge) with the four macrocyclic amines completing a distorted octahedral coordination sphere. The effective complexation of anionic species in this competitive environment reflects the potential for using metal complexes of L 3 and L 4 rather than free ligands in anionic guest sensing.
Protonation equilibria
Three of the five protonation constants of L 3 were determined by potentiometric titration and a speciation plot appears in Fig. 5(a) . The pK a values (averages of three titrations each with standard deviations of ±0.02) are 11.85, 9.51 and 6.00. The first four protonation constants of the hexamine L 1 are 11.0, 9.9, 6.3 and 5.5, 25 and the sites of protonation have been determined by X-ray crystallography of [
26 A pair of opposite macrocyclic secondary amines undergo protonation followed by the two pendent amines. In the case of L 3 , there is but one pendent amine so we can, by analogy assign the three protonation constants to a pair of opposite macrocyclic amines and the sole exocyclic secondary amine.
The bis-macrocycle L 4 was also investigated by potentiometric titration. In this case five of the possible ten protonation constants were identified (11.35, 10 .05, 9.23, 6.52 and 4.77) and a speciation plot is shown in Fig. 5(b) . By analogy with the titration results from L 3 (this work) and L 1 , 25 it is apparent that the first protonation constant lies outside the working pH range of our experiment (pH 2-12). If this is true then the five remaining pK a values parallel those found for the mono-macrocyclic analogue L 3 . The exceptionally high initial protonation constant (pK a > 12) suggests cooperativity between the two pentaamine macrocycles. The proximity of the two macrocycles in the crystal structure conformation of L
4
, and the inter-ring H-bonding present is consistent with this explanation.
Aqueous electrochemistry
A series of experiments were undertaken in order to determine the influence of pH on the electrochemical and anion binding properties of L 3 and L 4 in aqueous solution. Varying the protonation state of both the ligand and the anion is a potentially useful way of increasing the selectivity of the receptor.
27, 28 Thus, the change in redox potential of L 3 and L 4 was measured over the range 2 < pH < 13 (in water) in both the presence and absence of anionic species as their sodium salts. The anions under investigation here were SO 4 2Ϫ , NO 3 Ϫ , and AcO Ϫ . In contrast to the non-aqueous electrochemical titrations, chloride had no effect on the Fc ϩ/0 potential of either L 3 or L 4 in aqueous solution and was thus used as its sodium salt as the supporting electrolyte in these experiments.
In each experiment with L 3 or L 4 , a solution of ligand together with one molar equivalent of the anion of interest was titrated from basic to acidic pH. Firstly, the redox potentials varied in the same way as a function of pH regardless of whether anions had been added or not (ESI Figs. S7 and S8 †). Thus, in water L 3 and L 4 do not selectively bind any of the anions investigated as a function of pH. However, an interesting feature of both electrochemical pH titrations is the pronounced break in the curve at pH 6. The potentiometric titrations showed that both ligands exhibit pK a values of about 6, and the linear rise in the redox potential with pH (slope ∼59 mV (pH unit) Ϫ1 ) is indicative of proton release accompanying oxidation of the Fe centre. At ca. pH 2 there is another break in each titration curve, which suggests a corresponding pK a for the oxidized (ferrocenium) form of the receptor of about 2. As discussed earlier, this protonation is believed to occur at an exocyclic secondary amine, which is closest to the redox centre and hence most sensitive to the oxidation state of the receptor.
Although two protonations occur on the macrocyclic amines of L 3 over the pH range 7-12, the shift in redox potential is small (ESI Fig. S7  †) , as the protonated macrocyclic amines are remote from the Fe centre. A similar argument applies for the pH-dependence of the Fc ϩ/0 potential of L 4 ( Fig. S8  †) where the first four protonation steps occur within the two macrocyclic rings, well away from the redox centre. Curiously, at pH < 6 the electrochemistry of [H 3 L 3 ] 3ϩ became irreversible except when acetate was present (ESI Fig. S7  †) . The origin of this phenomenon is not known at present. In the case of L
4
, reversibility is maintained at low pH in the presence of all anions, and lost in their absence.
Finally, the disparate electrochemical reversibility exhibited by L 3 and L 4 in non-aqueous solution warrants further consideration. A logical explanation for the irreversibility of the Fc ϩ/0 redox couple of L 4 in aprotic conditions involves intramolecular oxidation of a free secondary amine by the ferrocenium group generated during the anodic sweep i.e. an EC mechanism. In contrast, the voltammetry of L 3 is reversible under the same conditions. Crystallography revealed that the relative dispositions of the ferrocene and macrocyclic moieties in L 3 and L 4 are essentially the same i.e. a cyclopentadienyl ring is oriented orthogonally over the centre of the macrocyclic ring. However, the inter-ring H-bonding seen in L 4 ( Fig. 1 ) provides extra stability to this conformation i.e. greater flexibility would be expected from L 3 than L 4 . Reversibility of the L 4 electrochemistry is restored on the addition of two equivalents of acid. On the basis of the potentiometric titration data, these two protons should reside within the two different macrocyclic rings. It emerges that protonation causes a conformational change whereby all potential electron donors are now remote from the ferrocenium centre during voltammetry. Presumably L 3 is already in such an extended conformation in solution and thus its electrochemistry is reversible without the addition of acid.
The nature of the conformational change going from L 4 to [H 2 L 4 ] 2ϩ remains speculative. However, upon single protonation of each macrocyclic ring, the inter-ring H-bonding seen in the crystal structure of L 4 will almost certainly be disrupted. The lone pairs of each exocyclic amine (the acceptors of each interring H-bond) may reorient towards the positive charge localized on each ring. In doing so, the inter-ring H-bonds are cleaved, and the 'coiled' conformation of the two macrocycles about ferrocene is able to unfurl due to a combination of the lost inter-macrocyclic H-bonding and the charge on the macrocycles. This change in conformation would decrease the proximity of the macrocyclic secondary amine lone pairs to the ferrocenium moiety, such that it cannot be reduced by this electron source.
Conclusions
The synthesis and characterisation of two new ferrocenyl macrocyclic ligands L 3 and L 4 has been reported. These were found to be capable of complexing anionic species in nonaqueous solution through a combination of electrostatic and H-bonding interactions. L 3 was also demonstrated to coordinate Zn II within its macrocyclic ring, and this complex showed an enhanced redox potential shift upon anion binding compared to the free ligand. This is attributed to the introduction of a mechanism by which the guest ion may bind to the axial coordination site of the complexed ion. Aqueous anion binding studies of the free ligands showed that water nullifies any observable anion binding. However, an interesting observation is that the reversibility of the ferrocenyl redox couple is preserved in the presence of these anions, although the potential is not shifted significantly upon increasing the anion concentration. A novel feature identified here is the use of a redox-inactive metal ion as the anion binding site and further investigation of the use of such metal complexes as anion receptors is warranted.
